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,QWURGXFWLRQ
,QWKHUHFHQWGHFDGHPHWDOFXWWLQJLVGRPLQDWLQJLQWKHZRUOG/DVHUWHFKQRORJLHVLQPDWHULDOSURFHVVLQJSURYLGH
KLJKSURGXFWLRQUDWHDQGDFFXUDF\VDYHHQHUJ\DQGPDWHULDOVSHUPLWVLPSOHPHQWLQJQHZWHFKQRORJLFDOVROXWLRQVDQG
XVLQJKDUGWRPDFKLQHPDWHULDOVSOXVJXDUDQWHHHQYLURQPHQWDOFRPSOLDQFH7RGD\WKHPRVWFRPPRQODVHUVXVHGIRU
WKH FXWWLQJ DUH WKH JDVGLVFKDUJH ɋɈ ODVHU ZLWK WKH ZDYHOHQJWK RI  P DQG ILEHU RU GLVF ODVHUV ZLWK WKH
ZDYHOHQJWKRIDERXWPLFURPHWHU6WHHQ3RZHOOHWDO6FLQWLOODHWDO
7KHTXDOLW\RIWKHSURFHVVHGSDUWLVRQHRIWKHFULWLFDOSDUDPHWHUVRIWKHODVHUFXWWLQJ)RUPDQ\DSSOLFDWLRQVFXW
VXUIDFHURXJKQHVVDQGGURVVDEVHQFHDUHWKHPDLQTXDOLW\LQGLFHV2ULVKLFKHWDO$WWKHPLQLPDOURXJKQHVV
WKHRWKHULQGLFHVRIWKHFXWTXDOLW\DUHDOVRZLWKLQWROHUDQFH7KXVWKHODVHUFXWRIPLQLPDOURXJKQHVVDQGQRGURVVLV
RISUDFWLFDOLQWHUHVW,WPXVWEHHPSKDVL]HGWKDWWKHPD[LPDOFXWWLQJVSHHGLVQRWDOZD\VRSWLPDOIURPWKHYLHZSRLQW
RIWKHFXWTXDOLW\0DKUOHHWDO2ULVKLFKHWDO
7KHSUHVHQWZRUNGHDOVZLWK WKH LQYHVWLJDWLRQVRI WKHKLJKTXDOLW\ R[\JHQDVVLVWHG ODVHU FXWWLQJRI ORZFDUERQ
VWHHOE\ WKH ILEHUDQGɋɈ ODVHUV LQRUGHU WRGHWHUPLQH WKHXWPRVW WKLFNQHVVRI WKHFXWVKHHW7KHREWDLQHGUHVXOWV
SHUPLWEHWWHUXQGHUVWDQGLQJWKHVFRSHIRUODVHUFXWWLQJ
/DVHUR[\JHQFXWWLQJSUHVHQWVWKHIRUFHGEXUQLQJRILURQLQR[\JHQ,QWKLVFDVHWKHODVHUSRZHUDQGH[RWKHUPLF
UHDFWLRQRIR[LGDWLRQPDNHDSSUR[LPDWHO\HTXDOFRQWULEXWLRQLQWKHHQHUJ\EDODQFH>6WHHQ:0@'XULQJWKH
ODVHUR[\JHQFXWWLQJSXUHHQHUJ\RIWKHLURQR[LGDWLRQUHDFWLRQLVQRWHQRXJKWRPHOWWKHPDWHULDODQGSURSDJDWHWKH
FXWIURQW7KXVWKHFXWLV³ERXQG´WRWKHODVHUEHDPWKHFXWFKDQQHOZLGWKFDQQRWHVVHQWLDOO\LQFUHDVHWKHGLDPHWHU
RI WKH IRFXVHG EHDP7KH FXW VXUIDFH URXJKQHVV LV QRW WRRPXFK LQ WKH VWHDG\PRGH WKHPD[LPDO FXW TXDOLW\ LV
UHDFKHGDWWKHYHORFLW\RI9RSW
7KH VWHDG\PRGH RI WKH IRUFHG EXUQLQJZLWK WKH ORZ URXJKQHVV LV UHDFKDEOHZLWKLQ D OLPLWHG UDQJH RI FXWWLQJ
VSHHGV7KHORZHUERXQGDU\RIWKLVUDQJH9EXUGHSHQGVRQWKHWUDQVLWLRQWRWKHXQFRQWUROOHGVHOIVXVWDLQHGEXUQLQJ
$VWKHFXWWLQJVSHHGGHFUHDVHVWKHPDWHULDOWHPSHUDWXUHULVHVQHDUWKHFXWIURQWDQGDVWKHVSHHGLVEHORZ9EXULURQ
EXUQLQJ DQGPHOWLQJ IURQW SURSDJDWLRQ DUH SRVVLEOH ZLWKRXW ODVHU UDGLDWLRQ VXSSRUW MXVW RZQLQJ WR WKH R[LGDWLRQ
UHDFWLRQHQHUJ\7KHFXWFKDQQHOZLGWKLQWKLVFDVHPD\H[WHQGVLGHZDUGZLWKLQWKHOLPLWVRIWKHR[\JHQMHWZKLFK
PD\KDYHWKHGLDPHWHURIPPDQGPRUHLQWKHFDVHRIWKLFNVKHHWV7KHR[\JHQMHWDWWKHODVHUR[\JHQFXWWLQJLV
QRW RSWLPL]HG IRU WKH FXW FKDQQHO IRUPDWLRQ WKH IURQW RIPDWHULDO UXSWXUH SURSDJDWHV LUUHJXODUO\ DQG WKH SURFHVV
EHFRPHVXQFRQWUROOHG&RQVHTXHQWO\WKHFXWFKDQQHOKDVDQXQHYHQVLGHVXUIDFHDQGKLJKURXJKQHVV
+DYLQJWKHVSHHG9RSWRIWKHKLJKTXDOLW\FXWWLQJDQGLWVGHSHQGHQFHRQWKHVKHHWWKLFNQHVVSOXVWKHFULWLFDOVSHHG
9EXU RI WKH WUDQVLWLRQ LQWR WKH XQFRQWUROOHG PRGH LW LV SRVVLEOH WR ILQG WKH XWPRVW WKLFNQHVV IURP WKH FRQGLWLRQ
9RSW 9EXUDERYHZKLFKWKHFXWZLGWKDQGURXJKQHVVULVHGUDPDWLFDOO\DQGWKHKLJKTXDOLW\FXWWLQJLVLPSRVVLEOH
([SHULPHQWDOWHFKQLTXH
,Q WKH SUHVHQW H[SHULPHQWV FXWWLQJ ZDV SHUIRUPHG E\ DQ ,3*,5(3ROXV \WWHUELXP ¿EHU ODVHU ZLWK D SRZHU
: N:DEHDPSDUDPHWHUSURGXFW%33ZKLFKLVWKHSURGXFWRIWKHEHDPUDGLXVLQWKHQHDU¿HOGDQGWKHDQJXODU
UDGLXV RI WKH EHDP LQ WKH IDU ¿HOG %33   PPāPUDG DQG DQ ,3* FROOLPDWRU ':&$&PRGHO 7KH EHDP
GLDPHWHURQWKHIRFXVLQJOHQVEHKLQGWKHFROOLPDWRUZDVPPDQGWKHIRFDOOHQJWKRIWKHOHQVZDVPP)LEHU
ODVHUFXWWLQJZDVSHUIRUPHGE\ ODVHUEHDPVZLWKFKDRWLFSRODUL]DWLRQ$&2 ODVHUZLWK%33 PPāPUDGDQGD
VHOI¿OWHULQJFDYLW\ZLWKDSRZHUXSWRN:ZDVDOVRXVHG7KHEHDPGLDPHWHURQWKHIRFXVLQJOHQVZDVPPDW
IRFDOOHQJWKVRIWKH=Q6HOHQVRIDQGPP&2ODVHUFXWWLQJZDVSHUIRUPHGE\ODVHUEHDPVZLWKFLUFXODU
SRODUL]DWLRQ7KHGLVWULEXWLRQRIUDGLDWLRQLQWHQVLW\LQWKHIRFDOVSRWZDVFORVHWRWKH*DXVVLDQGLVWULEXWLRQ7KHIRFDO
VSRWGLDPHWHUZDVHVWLPDWHGDV WKHVXPRIWKHGLơUDFWLRQGLDPHWHURI WKHEHDPDQGWKHGLDPHWHURI WKHVFDWWHULQJ
UHJLRQGXHWRVSKHULFDODEHUUDWLRQ7KHFDOFXODWHGWRWDOGLDPHWHUZDVȝPIRUWKH¿EHUODVHUDQGȝPIRUWKH
&2ODVHU
/RZFDUERQ6WVWHHOVKHHWVPPWKLFNZHUHFXWE\XVLQJODVHUEHDPVZLWKDSRZHU: ±N:7KH
PHDVXUHRIURXJKQHVVZDVWDNHQWREHWKHFKDUDFWHULVWLFKHLJKWRIWKHURXJKQHVVHOHPHQW5]DQGWKHPHDQDULWKPHWLF
GHYLDWLRQRIWKHSUR¿OHVKDSH5D7KHVHSDUDPHWHUVZHUHPHDVXUHGE\DQ2O\PSXV/(;7ODVHUFRQIRFDOVFDQQLQJ
PLFURVFRSHDQGD5DQN7D\ORU+REVRQSUR¿ORPHWHURIWKH)RUP7DO\VXUIVHULHV
298   A.M. Orishich et al. /  Physics Procedia  83 ( 2016 )  296 – 301 
,QWKLVZRUNWKHFXWWLQJZDVRSWLPL]HGE\WKHFULWHULRQRIPLQLPDOURXJKQHVVDQGQRGURVVIRUWKHVHDUFKXWPRVW
WKLFNQHVVRIWKHFXWVKHHW$WWKHILUVWVWDJHWKHRSWLPDOORFDWLRQRIWKHIRFXVOHQVZDVIRXQGLQUHVSHFWWRWKHVKHHW
IRUHDFKVDPSOHWKLFNQHVV WKLVORFDWLRQLQIOXHQFHVWKHNHUIZLGWK2ULVKLFKHWDO7KHQ WKHRSWLPDOFXWWLQJ
VSHHG9RSWZDVIRXQGIRUWKHGHWHUPLQHGEHDPIRFXV7RJDLQWKHPLQLPDOURXJKQHVVQHFHVVDU\WRLQFUHDVHWKHODVHU
SRZHUSURSRUWLRQDOO\WRWKHWKLFNQHVVRIWKHFXWVKHHWVRDVWRVDWLVI\WKHFRQGLWLRQ:W :āPP±

([SHULPHQWDOUHVXOWV
)LJVKRZVWKHVXUIDFHURXJKQHVVYHUVXVVSHHGIRUWKHILEHUODVHUDWWKHVKHHWWKLFNQHVVRIPPWKHPLQLPDO
URXJKQHVV LV REVHUYHG DW WKH RSWLPDO VSHHG RI PPV 6LPLODUO\ WKH RSWLPDO VSHHGZDV IRXQG IRU WKH RWKHU
WKLFNQHVVHVDWWKHILEHUDQGɋɈODVHUFXWWLQJ


)LJ5RXJKQHVVYHUVXVWKHFXWWLQJVSHHGLQWKHFDVHRIODVHUR[\JHQFXWWLQJRIORZFDUERQVWHHOVKHHWVE\WKH¿EHUODVHUZLWK: N:
URXJKQHVVQHDUWKHXSSHUDQGORZHUVXUIDFHVRIWKHVKHHW
2SWLPL]HG R[\JHQDVVLVWHG ODVHU FXWWLQJ IRU ERWK ODVHU W\SHV SOXV WKH RSWLPDO FXWWLQJ VSHHG JLYH WKDW WKH FXW
VXUIDFHURXJKQHVVULVHVOLQHDUO\DORQJZLWKWKHFXWVKHHWWKLFNQHVV)LJ1RWHWKDWWKHURXJKQHVVRIWKHVDPSOHV
FXWE\WKHILEHUODVHULVKLJKHUDWDQ\WKLFNQHVVDVFRPSDUHGZLWKWKHRQHVFXWE\WKHɋɈODVHU
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
)LJ5RXJKQHVVYDOXHYHUVXVFXWVKHHWWKLFNQHVV±ILEHUODVHU±&2ODVHU
$W WKH RSWLPDO R[\JHQDVVLVWHG ODVHU FXWWLQJ ERWK LQ WKH ILEHU DQG ɋɈ ODVHU FDVHV WKH HYLGHQW URXJKQHVV
PLQLPXPLVREVHUYHG)LJ)RUERWKODVHUW\SHVDVWKHFXWWLQJVSHHGH[FHHGVWKHRSWLPDOYDOXHWKHFXWVXUIDFH
URXJKQHVVULVHVZKLFKLVIROORZHGE\WKHNHUIFKDQQHOVHDOLQJ$WORZFXWWLQJVSHHGVFRQVLGHUDEO\ORZHUWKDQWKH
RSWLPDOFXWWLQJVSHHG9RSW WKHUH LV WKHGLIIHUHQFHEHWZHHQ WKH ODVHU W\SHV'XULQJ WKHFXWWLQJZLWK WKH&2 ODVHU
ZKHQ WKHFXWWLQJVSHHG UHDFKHVaPPVRUEHORZ WKHPRGHRIXQFRQWUROOHGEXUQLQJRI WKHPDWHULDO LQR[\JHQ
EHJLQV)LJɚ,QWKHFDVHRIILEHUODVHUFXWWLQJWKLVHIIHFWLVQRWREVHUYHGHYHQDWPPV)LJF


)LJ3KRWRVRIWKHVXUIDFHVRIVDPSOHVW PPFXWE\WKHɋɈODVHUɚEDQGILEHUODVHUFGɚ±9 9EXU PPVE9 9RSW PPVF
±9 9EXU PPVG9 9RSW PPV
7KH FXW VXUIDFH URXJKQHVVZDVPHDVXUHG DW GLIIHUHQW IRFXV SRVLWLRQV DERXW WKH VKHHW VXUIDFH ,W IROORZV IURP
H[SHULPHQWVWKDWWKHUHLVWKHRSWLPDOSRVLWLRQRIWKHIRFXVDWZKLFKWKHFXWVXUIDFHURXJKQHVVKDVLWVPLQLPXP$V
WKHIRFXVSRVLWLRQFKDQJHVWKHFXWZLGWKFKDQJHVWRR7KHRSWLPDOFXWZLGWKERSWZDVIRXQGLWFRUUHVSRQGVWRWKH
PLQLPDOURXJKQHVV%RWKIRUWKHILEHUDQGɋɈODVHUWKHRSWLPDONHUIZLGWKULVHVDORQJZLWKWKHFXWVKHHWWKLFNQHVV
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$QDO\VLVRIWKHJDWKHUHGGDWDVKRZVWKDWWKHPLQLPDOFXWURXJKQHVVLVUHDFKHGDW9RSWāERSW FRQVW7KLVSURGXFW
GRHVQRWGHSHQGRQWKHVKHHWWKLFNQHVVDQGLVPPVIRUWKHɋɈODVHUDQGPPVIRUWKHILEHUODVHU
2EWDLQHG GDWD DOVR SHUPLW GHWHUPLQLQJ WKH GHSHQGHQFH RI ERSW RQ WKH VKHHW WKLFNQHVV )LJ  1RWH WKDW WKH
GHSHQGHQFHRIWKHNHUIZLGWKRQWKLFNQHVVZHDNO\UHODWHVZLWKWKHFKRVHQODVHUW\SH

)LJ2SWLPDONHUIZLGWKYHUVXVWKHVKHHWWKLFNQHVV±ILEHUODVHU±&2ODVHU
$W WKH OLQHDU DSSUR[LPDWLRQ WKHGHSHQGHQFLHV DUH H[SUHVVHG DV IROORZVERSW W IRU WKHɋɈ ODVHU DQG
ERSW WIRUWKH\WWHUELXPILEHUODVHU,WSHUPLWVH[FOXGLQJWKHNHUIZLGWKIURPWKHFRQGLWLRQ9RSWERSW FRQVW
DQGZLWKLQWKHOLPLWVRIH[SHULPHQWDOVFDWWHULQJRISUHVHQWLQJWKHRSWLPDOFXWWLQJVSHHGWKURXJKWKHVKHHW
WKLFNQHVV E\ WKH DQDO\WLFDO GHSHQGHQFH 7KH UHODWLRQV IRU WKH RSWLPDO FXWWLQJ VSHHG ORRN DV IROORZV
9RSW »WIRUWKHɋɈODVHUDQG9RSW »WIRUWKHILEHUODVHU7DEOH
7DEOH2SWLPDONHUIZLGWKDQGRSWLPDOFXWWLQJVSHHGYHUVXVWKHVKHHWWKLFNQHVV
/DVHU .HUIZLGWK &XWWLQJVSHHG
ɋɈODVHU ERSW W 9RSW »W
)LEHUODVHU ERSW W 9RSW »W

7KH FULWHULRQ EDVHG RQ WKH OLPLWDWLRQ RI WKH KLJKTXDOLW\ ODVHU FXWWLQJ GXH WR WKH XQFRQWUROOHG EXUQLQJ DW
9RSW 9EXULVSURSRVHGLQRUGHUWRGHWHUPLQHWKHXWPRVWWKLFNQHVVRIWKHFXWVKHHW,WLVIRXQGH[SHULPHQWDOO\WKDWDW
DQ\ WKLFNQHVV XQGHU VWXG\ WKH XQFRQWUROOHG EXUQLQJ EHJLQV DW9EXU    ± PPV LQ WKHɋɈ ODVHU FDVH 7KH
FULWLFDO VSHHG 9EXU ZDV IRXQG DV IROORZV 6WUDLJKWOLQH FXWV RI  PP LV OHQJWK ZHUH PDGH 7KH FXWWLQJ VSHHG
GHFUHDVHG ZLWK WKH SLWFK RI  PPV XS WR WKH RFFXUUHQFH RI WKH XQFRQWUROOHG PRGH ZKHQ WKH URXJKQHVV ULVHV
DEUXSWO\7KHFULWLFDOVSHHG9EXUZDVIRXQGDVWKHVSHHGDWZKLFKWKHXQFRQWUROOHGPRGHRFFXUVDWOHDVWRQWKHKDOIRI
WKHFXWOHQJWK7KHDXWKRUVRI6WHHQ:0JLYHWKHYDOXHRIWKHFULWLFDOVSHHGPPVZKLFKLVFORVHWRWKH
UHVXOWRIWKHSUHVHQWZRUN7KHGLIIHUHQFHVHHPVWRUHVXOWIURPHQJLQHHULQJIDFWRUVVXFKDVFKHPLFDOFRPSRVLWLRQRI
VWHHODQGVKHHWVXUIDFHFRQGLWLRQ
6RXVLQJWKHUHVXOWLQJH[SUHVVLRQIRU9RSW7DEOHRQHFDQILQGWKHXWPRVWFXWWKLFNQHVVDWWKHR[\JHQDVVLVWHG
ODVHUFXWWLQJRIORZFDUERQVWHHOE\WKHɋɈODVHU)LJ7DNLQJLQWRDFFRXQWWKHHUURURIIRU9EXULWIROORZV
IURPWKHFRQGLWLRQ9RSW 9EXUWKDWWKHPD[LPDOWKLFNQHVVRIWKHVKHHWDWZKLFKWKHKLJKTXDOLW\ODVHUR[\JHQFXWWLQJ
RIORZFDUERQVWHHOLVSRVVLEOHLV«PP
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